A "real world" transmission loss (RWTL) chamber was recently added to the undergraduate acoustics program at Columbia College Chicago. It aims to demonstrate concepts of transmission loss to students, and to provide a "less-than-ideal" environment for construction evaluation prior to certified tests with full-size samples. Each side of the chamber can be used as either "send" or "receive," and both speaker and microphone placements are infinitely variable. The noise floor can also be adjusted to illustrate potential issues in field tests. Measurements are taken simultaneously from multiple positions, then averaged to yield TL values and an overall isolation rating. Given its construction, the chamber is not expected to produce results as per existing standards as its small size results in modal effects and non-diffuse conditions on both sides of the tested partition. This study's first goal was to better understand the performance limitations of the RWTL chamber by conducting a thorough evaluation of its maximum TL and modal properties. The second goal was to optimize the chamber's testing methodology in order to more closely reflect certified laboratory results; this was done by utilizing recently obtained certified data from a door manufacturer who tested reduced-sized samples in the RWTL chamber.
Introduction
The Real World Transmission Loss (RWTL) Chamber was recently added to the Audio Arts & Acoustics facilities at Columbia College Chicago. It was designed to demonstrate for students the properties of Transmission Loss (TL) as well as the testing procedures necessary to calculate the Sound Transmission Class (STC) of a specimen. Given the limited available building space, both source and receive rooms were constructed smaller than called for in the ASTM E-90 standard 1 , resulting in modal effects on both sides of the partition (Figures 1 & 2) . The chamber was designed with one side containing a small amount of absorption (typically the 'sending' side), and the other containing moderate absorption (typically the 'receiving' side). The installation of the chamber and testing of the Kinetics UniBrace-L technology in the RWTL is discussed in McGowan and Hulteen (2013) 2 . room. The specimen being tested was the 'Plug', panel was one of the two that were tested in a which represented the maximum TL of the chamber.
certified laboratory.
The current study investigated how sound propagated on both sides of the chamber, and how the measured TL of the separating partition was affected. This involved testing the chamber using three (3) different speaker placements and 24 microphone positions on each side. Using this information, the chamber's methodology was optimized to generate more precise data for the tested specimen. Ultimately, the updated procedures were used to retest panels that had been processed prior to this study. The door manufacturer that provided these specimens subsequently had two tested in a certified laboratory, which proved to be an excellent source of comparison. With the original RWTL setup, the results were markedly divergent from the certified values; the STC ratings were significantly higher (+6 STC) and the TL curves were not representative. By utilizing the updated procedures, the goal was to produce accurate comparisons with the provided certified data.
Testing Procedures
The chamber was designed to record the average sound pressure via eight microphones: four on each side of the chamber. The SpectraPlus® analysis software was used to collect the data and an application-specific Microsoft Excel® spreadsheet calculated the TL and STC values. Pink noise of sufficient length was generated in the source side through two QSC K8 speakers, and the responses of Behringer ECM8000 microphones were recorded. This process was repeated four times, as the system was limited to the simultaneous acquisition of two channels. The average sound pressure values were used to calculate the Noise Reduction (NR) in ⅓-octave bands between the source & receiving sides, which were then used to calculate an approximate STC rating, disregarding any absorption effects.
To make an accurate assessment of the facility, both sides of the chamber needed to be thoroughly tested to determine how sound was being generated and transmitted in the space. To accomplish this, the rooms were assessed individually. With a source volume of only 17.1 m 3 and a receive volume of 28.6 m 3 , it was decided that a 24-microphone array would best sample the sound pressures over the entirety of the room (Figure 3 ). Only eight (8) microphones could be active at a time, thus three (3) tests had to be run for each condition. To determine the effects that speaker placement had on the system, the tests were conducted using three (3) different speaker arrangements per room, for a total of six (6) unique positions. The full-room responses of each side of the chamber were recorded for all setups. These tests were conducted using the 'Plug' (Figure 1 ), which was constructed to represent the maximum NR possible in the RWTL; it was extremely dense and as deep (11 in) as the specimen opening. This approach allowed for the independent analysis and direct comparison of the rooms. A "no-specimen" (open wall) condition was also tested using the same procedure, which provided additional data and the verification of the "zero TL condition". To investigate the effects of equalization (EQ) on the test stimulus, two adjusted-EQ conditions were tested and compared to their flat-EQ counterparts.
Twenty full-room measurements were taken using the aforementioned methods. Following analysis of the data, optimized speaker and microphone positions were selected, and the signal chain and analysis software were updated. The new parameters were then used to retest the 'Plug' as well as two specimens provided by a door manufacturer. Finally, the absorption in the receiving room and the common wall contributions were calculated using the associated formulas (Equations 1 & 2). This resulted in acquiring solely the specimen TL, and allowed direct comparison to the provided certified data. 
Results
The results of the full-room tests identified the main problems with the RWTL: speaker and microphone placement, absorption/common wall contribution, equalization, and specimen mounting conditions. After addressing and accounting for these issues, the chamber produced TL data that best represented the specimens, given the constraints of the chamber.
The speaker locations were the initial area analyzed. The first condition for this study (and the original setup in the send room) had a speaker 12" from the rear left corner, 60" off the ground, and the other facing the partition, on-axis at the same height (Source 1). The second setup tested maintained the rear speaker location, but moved the front facing one to the opposing rear corner at the same height (Source 2). The final placement moved both speakers to 36" from the rear corners with staggered heights. One was lowered to 52", while the other was raised to 68" (Source 3). The same procedure was conducted in the receive room, yielding similar results.
The original speaker positions transmitted excessive energy to the receive room, due to one speaker being on-axis, 12" from the specimen. The second source position created a significantly larger-than-normal range between microphone positions due to the configuration modally "charging" the room to levels not suitable for testing. (Figure 4 ). Setup three provided the most even energy/spectral distribution ( Figure 5 ). Moving the speakers away from the wall lessened the modal effects of the low frequencies, and staggering the heights diminished the compounding of modes across the spectrum. The most prominent remaining anomalies were in the 200 Hz -250 Hz range. In subsequent tests, the heights of the two speakers remained constant, but they were moved to a distance of 30" from the corners to compensate for this. After obtaining representative data for the entirety of the chamber, three main factors were recognized to contribute to the response of the rooms at any given point. The first was the distance of the microphone from any reflecting surface; the second was height of the microphone in relation to the heights of the speakers (Figure 6 ). The third factor was related to the modal effects at the location of the microphone, but since these were determined by the size and shape of the chamber, they could not be altered. The first crucial factor of microphone placement was the proximity to the walls, floor, and ceiling, which contributed greatly to the frequency responses, especially in the low end where corner loading was a problem. These effects increased when the microphone-wall distances were decreased, thus it was determined that a minimum distance of 18" was required in order to achieve consistent and uniform results. The other important factor was the height of microphone capsules in relation to that of the speaker's acoustic center. Figure 6 displays the average SPL values from the three heights at which data was collected: 24", 60", and 96". The microphone capsule heights that were close to the median plane of either speaker exhibited large level increases at low frequencies. These results were seen in all speaker configurations on both sides of the chamber. It was recommended that all microphones be placed above or below the height-plane of the speakers in order to yield substantially fewer deviations of the measured levels across the entire spectrum.
Another persistent issue found within the chamber was the equalization of the source signal, regardless of speaker orientation. It was decided that a flat frequency response should be generated in the send room, but the QSC K8 speakers consistently produced a 5 dB (or greater) deficiency in the 1250 -3150 Hz frequency range: equalization was needed. Using the updated speaker and microphone configurations outlined above, measurements were taken with the 'Plug' and a flat-EQ. The "Vocal Boost" option was engaged on both speakers, which provided some correction of the mid range deficiencies. The final adjustment was made using the Behringer UltraCurve stereo equalizer to tailor the response. Two parametric EQ points were inserted: +6 dB @ 1.82 kHz (Q = 2.5), and +5 dB @ 290 Hz (Q = 5). The results were a send response that had a maximum deviation of 4.4 dB across the entire spectrum, as opposed to 15.8 dB (Figure 7) for the non-equalized condition. The original testing methods calculated the NR values of the full wall: the performance of the fixed wall was not being separated from that of the total system. Neither was the absorption of the receiving room taken into account. These discrepancies were found to be responsible for a portion of the differences seen between data collected in the RWTL and those collected in certified testing rooms. In the updated procedures, the collected values were used to generate more accurate results by gathering the TL of the specimen alone, through the utilization of the necessary adjustment formulae. Multiple methods that accounted for absorption were compared using the collected full-room data. The NR to TL conversion (Equation 1), which was defined in the E-90 standard 1 , provided the most accurate and consistent data. The calculation for the partition percentage transmission loss was defined in the same standard (Equation 2).
The total absorption for each room was determined using the procedures outlined in the ASTM C-423 standard 3 for reverberation room testing. Using the ARTA™ energy decay calculator, the RT-60 was tested multiple times at four microphone positions and then averaged. The generated decay rates were used to calculate the total absorption of each room in octave bands using Equation 3. Finally, the third-octave values were linearly extrapolated using the computed figures. 
The specimen mounting conditions were found to drastically affect the transmission loss data. All testing to this point was conducted using a series of high-compression clamps as shown in Figure 2 . The panels were firmly clamped against a thick neoprene gasket, but the pressure was not necessarily uniform. Thus, there remained very small gaps that contributed to sound transmission between the two rooms. To counteract this, mastic (in this instance plumber's putty) was placed around the edge of the frame and specimen (Figures 8 & 9) . This resulted in a substantial improvement, and eliminated the TL due to the gaps (Figure 10 ). The two mounting conditions were compared using the 'Plug' as the specimen, and the results were a staggering 7 STC increase with mastic installed. By optimizing the speaker and microphone placements, adjusting the loudspeaker equalization, accounting for room absorption, compensating for the specimen area percentage of the total wall, and mounting the specimens using mastic, accurate measurements of specimen transmission loss could finally be made. Figures 11 and 12 demonstrate the marked difference between the new data and the original values computed prior to this study. The STC of specimen 1 went from an approximate rating of STC 47 to an approximate rating of STC 44, compared to the certified result of STC 44. The STC of specimen 2 lowered from an approximate rating of STC 48 to an approximate rating of STC 45, which better matched the certified result of STC 42. The lower certified value was due to deficiencies at 315 Hz, which were not seen in the RWTL-generated values. This particular difference was likely due to the use of a mid-brace in the construction of the certified test specimen, which was not present in the RWTL tests. However, the new transmission loss graphs of both specimens were more congruent to the lab-certified values overall, validating that the changes made to the testing procedures resulted in more accurate transmission loss data.
Conclusion
After completing a full-room analysis of the Real World Transmission Loss Chamber under a variety of test conditions, multiple conclusions were reached that would improve the operation and precision of the RWTL chamber. These included the microphone placements in relation to potential reflecting surfaces as well as the elevation of the speakers. Other recommendations included the equalization of the test stimulus and the necessary use of efficient caulking materials when installing the specimen inside the test frame. Finally, the isolation performance of the specimen was best described when the contributions of the supporting wall could be effectively removed from the calculations.
Even though significant progress was made in the course of this study to improve the functionality of the RWTL, there is still more that can be done. The frequency response of the source room should be even flatter, especially in the low frequencies. This could be accomplished by installing a more sensitive ⅓-octave graphic equalizer. It also became clear that the seal between the specimen and the frame(s) was of the utmost importance. Considering plumber's putty (not designed for acoustical isolation) was utilized in this experiment, it stands to reason that mastic specifically designed for this application would yield even better results.
